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Pro  ton ther  apy uses pro  ton beams with en  er  gies typ  i  cally be  tween 50 and 230 MeV to treat
can cer ous  tu mors  very  ef fi ciently,  while  pro tect ing  as  much  as  pos si ble  sur round ing  healthy
tis sues  from  ra di a tion  dam age.  Pro tons  in ter act ing  with  mat ter  in ev i ta bly  in duce  sec ond ary
ra  di  a  tion from which all peo  ple in  side the pro  ton ther  apy cen  ter have to be pro  tected. The
am bi ent  dose  equiv a lent  H*(10) in such a fa  cil  ity is mainly due to neu  trons, which can have
en  er  gies up to 230 MeV . Al  though var  i  ous dose mon  i  tor  ing sys  tems sen  si  tive to high en  ergy
neu trons have al ready been de vel oped, the re sponse func  tion of these de tec tors is of ten in  suf -
fi ciently  char ac ter ized,  and  so  are  the  cal i bra tion  fac tors  ap pro pri ate  for  the  spe cific  neu tron
spec  tra en  coun  tered in  side a pro  ton ther  apy fa  cil  ity. In this work, the Monte Carlo code
MCNPX 2.5.0 has been used to study the re sponse func tion of the ex tended-range rem-me ter 
WENDI-2 from ther  mal en  er  gies up to 5 GeV . A good match has been ob tained with equiv  a  -
lent sim  u  la  tion re  sults found in lit  er  a  ture. As a first step to  wards the char  ac  ter  iza  tion of the
WENDI-2 re  sponse in con  tin  u  ous neu  tron fields, MCNPX sim  u  la  tions have also been car  -
ried out for the case-study of a bunker around an 18 MeV H– cy  clo  tron, which in  volves neu  -
tron fields from ther  mal en  er  gies up to 18 MeV .
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IN TRO DUC TION
Con text
As heavy charged par  ti cles, pro tons de posit the
larg est part of their en ergy near the end of their tra jec -
tory through mat  ter. This fea  ture al  lows pro  ton ther  -
apy to treat can  cer  ous tu  mors very ef  fi  ciently, while
pro tect ing  as  much  as  pos si ble  sur round ing  healthy
tis sues  from  ra di a tion  dam age.  In side  a  pro ton  ther -
apy  cen ter,  an  im por tant  ra di a tion  pro tec tion  is sue
that has to be dealt with is the area mon i tor ing of neu -
tron doses. Sec  ond  ary neu  trons are pro  duced by in  -
ter ac tions of pro tons with mat ter, mainly in the ac cel -
er  a  tor, the beam line, the treat  ment noz  zle and the
pa  tient. Since the used pro  ton beams have en  er  gies
typ  i  cally be  tween 50 and 230 MeV, the sec  ond  ary
neu  trons  can  have  up  to 230 MeV. Do  sim  e  try of
con  tin  u  ous  neu  tron  fields  with  high en  ergy  neu  -
trons (E > 20 MeV) is not triv  ial. First of all, the re  -
sponse  func tions  of  ex ist ing  neu tron  de tec tors  sen si -
tive to high en  ergy neu  trons are of  ten poorly
char ac ter ized.  In deed,  they  can  be  sim u lated  with
Monte Carlo codes but they need to be val  i  dated by
ex  per  i  men  tal data, which at high en  er  gies is more
com  pli  cated to ob  tain since the only ex  ist  ing ac  cu  -
rately char  ac  ter  ized high en  ergy neu  tron sources are
quasi-monoenergetic neu  tron beams which are of
lim  ited avail  abil  ity through  out the world. Sec  ondly,
the  cal i bra tion  of  the  neu tron  de tec tors  de pends  on
the con  sid  ered neu  tron spec  trum, which re  quires in  -
tro duc ing  cor rec tion  fac tors  for  mea sure ments  per -
formed in neu  tron fields that dif  fer from the cal  i  bra  -
tion field.
The  am bi ent  dose  equiv a lent  H*(10)
The  op er a tional  quan tity  used  in  ra di a tion  pro -
tec tion  for  area  mon i tor ing  of  pen e trat ing  ra di a tion  is
the  am bi ent  dose  equiv a lent  H*(10), which is used as
an  es ti ma tor  of  the ef fec tive  dose  E. The am bi  ent dose
equiv a lent H*(10) at a point is the dose equiv  a lent that
would be pro  duced by the cor  re  spond  ing ex  panded
and aligned field at a depth of 10 mm in the ICRU
sphere, on the vec  tor ra  dius op  pos  ing the di  rec  tion of
ra di a tion  in ci dence  [1]. 
Through a Monte Carlo sim  u  la  tion, the neu  tron
H*(10) at a given point can be es  ti  mated as
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where f(E) is the neu tron fluence en ergy func tion and   
hf(E) the neu  tron fluence-to-H
*(10)  con ver sion  func -
tion es tab lished up to 201 MeV by the ICRP Re port 74
[1] and ex  tended up to 5 GeV by Sannikov and
Savitskaya [2].
Rem-me  ters and the WENDI-2 de  tec  tor
Rem-me  ters are since long widely in use for the
area mon  i  tor  ing of neu  tron doses. The re  sponse of a
rem-me  ter is given by
R C r E E E = ò ( ) ( ) f d (2)
where f(E) is the neu  tron fluence en  ergy func  tion,
r(E) – the ab  so  lute re  sponse func  tion (ex  pressed in
counts per unit fluence), and C –  the  cal i bra tion  fac tor
(ex  pressed in Sievert per count). Rem-me  ters con  sist
of a ther mal neu tron de tec tor sur rounded by a mod er a -
tor as  sem  bly de  signed so that the dose re  sponse func  -
tion Cr(E)  ap prox i mately fol lows the afore men tioned   
hf(E) con  ver  sion func  tion over a wide en  ergy range.
Tra  di  tional rem-me  ters, such as the Andersson-
-Braun and the Hankins rem-me ters [3, 4], con sist typ -
i cally of a poly eth yl ene-based as sem bly sur round ing a 
pro por tional BF3 or 3He coun ter and have a sen si tiv ity
that  tends  to  de  crease  strongly  for  neu  trons  above
10 MeV. In the 1990's, Birattari et al.  in tro duced  the
idea to in  sert a heavy metal layer such as lead in the
mod er a tor  as sem bly,  in  or der  to  en hance  the  re sponse
above 8 MeV thanks to spallation re ac tions (n, xn) [5].
The WENDI de  tec  tor (Wide En  ergy Neu  tron De  tec  -
tion In  stru  ment), de  vel  oped from 1992 on  wards by
Olsher et al. [6], at the Los Alamos Na  tional Lab  o  ra  -
tory, is based on the same idea, but tung sten is used in -
stead of lead. Tung  sten has a high ab  sorp  tion res  o  -
nance struc  ture be  tween 0.1 and 1.5 keV, which helps
to re duce the H*(10)-over es ti mat ing re sponse at in ter -
me di ate en er gies [6]. A cutaway view of Olsher's lat est 
de sign,  the  WENDI-2  de tec tor  man u fac tured  by
Thermo Fisher Sci  en  tific, is given in fig. 1.
Con tents
A pre  lim  i  nary study of the WENDI-2 de  tec  tor
re  sponse has been car  ried out with the Monte Carlo
code MCNPX 2.5.0 [7]. First, the WENDI-2 ab  so  lute
re  sponse func  tion has been sim  u  lated from ther  mal
en  er  gies up to 5 GeV. Sec  ondly, the dose re  sponse
func tion of the de tec tor has been es tab lished and com -
pared to the fluence-to-H*(10)  con ver sion  func tion.
The nor  mal  iza  tion of this dose re  sponse func  tion is
based on fac  tors ob  tained from 252Cf  cal i bra tion  data.
Thirdly, the same nor  mal  iza  tion has been ap  plied in
the sim  u  la  tion of the WENDI-2 re  sponse in  side a
work  place, named “IBA Acad  emy”, which in  volves
con tin u ous  neu tron  fields  rang ing  from  ther mal  en er -
gies up to 18 MeV.
METH ODS  AND  PRO CE DURES
Sim u la tion  of  the  WENDI-2
re sponse  func tion
The WENDI-2 ab  so  lute re  sponse func  tion, ex  -
pressed in counts per unit fluence, has been eval  u  ated
with MCNPX 2.5.0 for 93 neu  tron en  er  gies be  tween
10–3 eV and 5 GeV, con sid er ing a side ir ra di a tion from
a monoenergetic point source lo  cated at 50 cm from
the cen  tre of the de  tec  tor. As a vari  ance re  duc  tion
method, the iso  tro  pic emis  sion of neu  trons has been
re  duced to the solid an  gle de lim ited by a cone cir cum -
scribed to the WENDI-2 de tec tor. The value of the ab -
so  lute re  sponse func  tion at a given en  ergy has been
cal cu lated as the ra tio of two sim u la tion re sults: the de -
tec tor is mod eled in the first sim u la tion in or der to es ti -
mate the av er age num ber of counts per source-emit ted
neu tron,  while  the  sec ond  sim u la tion  only  con sid ers
air and eval  u  ates the av  er  age neu  tron fluence per
source-emit ted  neu tron  in side  a  cy lin dri cal  vol ume,
cor  re  spond  ing to the coun  ter tube's ac  tive vol  ume de  -
fined in the first sim  u  la  tion. Fig  ure 2 shows the con  -
sid  ered ge  om  e  try in, re  spec  tively, the first (a) and the
sec ond  (b)  sim u la tion.
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Fig  ure 1. Cutaway view of the WENDI-2 de  tec  tor [6]The mod eled de  tec tor has a di am e  ter of 22.86 cm
and is 21 cm high [6]. Poly  eth  yl  ene has been de  fined
with a den sity of 0.94 g/cm³ [8] and with an S(a, b) ther -
mal  treat  ment  of  hy  dro  gen  (cross-sec  tion ta  ble
poly.01t, based on ENDF/B-V) [7] in  stead of the de  -
fault free-gas ther  mal treat  ment. The tung  sten pow  der
shell has an ef  fec  tive den  sity of 10.624 g/cm³ [8] and is
1.5 cm thick with an in ner ra  dius of 4.0 cm [6]. The bo  -
rated rub  ber patch on top of the coun  ter tube has been
omit  ted. The mod  eled coun  ter tube is a Cy  lin  dri  cal
High  Tem per a ture  He-3  Neu tron  De tec tor  (type
252180) man  u  fac  tured by LND [8]. The ac  tive vol  ume
of the tube is 23.95 cm³ and the 3He mass den  sity has
been set to 2.4×10–4 g/cm³, cor  re  spond  ing to a gas pres  -
sure of 2 atm [8]. A ge  neric com  po  si  tion of stain  less
steel has been con  sid  ered for the tube it  self (mass per  -
cent  ages: 74% Fe, 18% Cr, 8% Ni; den  sity: 8 g/cm³).
In this pre  lim  i  nary work, only the main count
gen er at ing  mech a nism,  namely  the  3He(n, p)t re  ac  -
tions, has been taken into ac count to es ti mate the av er -
age  num  ber  of counts per source-emit  ted neu  tron.
Ac  cord  ing to Olsher, other con  tri  bu  tions such as
3He(n, d)d re  ac  tions and ex  ter  nal charged par  ti  cles
trav el ling through the coun ter gas are very small and it
can be con  sid  ered safe to ig  nore them given the rather
large un cer tain ties on the used phys ics mod els [6]. The 
av er age num ber of (n, p) re ac tions is ob tained by fold -
ing the av er age neu tron fluence in the 3He vol ume with 
the  3He(n,  p)t  cross-sec tion,  mul ti plied  here af ter  by
the atomic den sity of the gas and the vol ume of the gas
cell. At this stage, one (n, p) re  ac  tion has been con  sid  -
ered to gen  er  ate one count. The wall ef  fect, which
causes count losses due to low am  pli  tude pulses (be  -
low the lower discriminator of the de  tec  tor elec  tron  -
ics), has thus not been taken into ac count in the sim u la -
tion of the ab  so  lute re  sponse func  tion. Neu  trons,
pro  tons, pho  tons and muons have been tracked in the
sim u la tions.  Photonuclear  re ac tions  have  been  en -
abled and the la150 cross-sec  tion li  brar  ies [7] have
been used wher ever pos si ble for neu trons, pro tons and 
muons.  Where  ex per i men tal  cross-sec tion  data  was
not avail able, the de fault phys ics mod els im ple mented
in MCNPX 2.5.0 have been used (for neu  trons:
BERTINI and DRESNER ATC80) [7]. In each sim u la -
tion, 107 source-emit  ted neu  tron his  to  ries have been
cal cu lated  and  the  MCNPX  rel a tive  un cer tain ties  are
lower than 1%.
In or  der to ob  tain a dose re  sponse func  tion (ex  -
pressed in pSvcm²) that can be com  pared to the
fluence-to-H*(10) con ver sion func tion [1, 2], it is nec -
es  sary to mul  ti  ply the ab  so  lute re  sponse func  tion by a
cal i bra tion fac tor that takes into ac count the wall ef fect 
and  the  sen  si  tiv  ity  (in  counts per Sievert) of the de  -
tec  tor. Here, the cho  sen cal  i  bra  tion fac  tor equals to
245.7 pSv/c and is the prod  uct of the wall-ef  fect cor  -
rec tion fac tor 0.743 ex per i men tally de ter mined with a
bare  252Cf source by Olsher for a pre  vi  ous WENDI-2
de  sign in  clud  ing a GL-2500802-NS coun  ter tube [6],
and the fac tor 330.7 pSv/c that cor re sponds to the sen -
si  tiv  ity of 0.84 (c/s)/(µSv/h) an  nounced by Thermo
Fisher  Sci en tific  for  the  cur rently  com mer cial ized
WENDI-2 de tec tor, also cal i brated with a 252Cf source
[9]. De spite the fact that the wall-ef fect cor rec tion fac -
tor was ob  tained with a pro  to  type de  tec  tor, the cho  sen
value of the cal i bra tion fac tor is ex pected to be close to
what  the  ex per i men tally  de ter mined  value  of  the
global  252Cf cal i bra tion fac tor would be for a cur rently
com mer cial ized  WENDI-2  de tec tor.
WENDI-2 re  sponse in  side the IBA
Acad emy  bunker
IBA Acad  emy
In  side the as  sem  bly hall of the Com  pany Ion
Beam Ap  pli  ca  tions S. A. (IBA), lo  cated in
Louvain-la-Neuve, a bunker called "IBA Acad emy" is
ded  i  cated to the train  ing of IBA cli  ents. It con  tains a
cy clo tron  ©Cy clone 18/9 that can ac cel er ate H– ions up 
to 18 MeV or 2H– ions up to 9 MeV. This type of cy clo -
tron is nor  mally used for the pro  duc  tion of a wide
range of PET-radiotracers. When 18 MeV H– ions hit a
ra dio-iso tope  pro duc tion  tar get,  sec ond ary  neu trons
are gen  er  ated, lead  ing to the pres  ence of con  tin  u  ous
neu  tron  fields  rang  ing  from  ther  mal  en  er  gies up to
18 MeV. 
Sim u la tion  of  H
*(10) per unit time
The neu tron am bi ent dose equiv a lent H*(10) per
unit time has been cal  cu  lated with MCNPX 2.5.0 for
nine po  si  tions in  side the IBA Acad  emy bunker, con  -
sid  er  ing a 20 µA beam of 18 MeV H– ions im  ping  ing
on a wa  ter tar  get with a 100% 18O-en rich ment.  The
con  sid  ered po  si  tions, from which three are lo  cated in  -
side the cy clo tron room and six in side the maze, are in -
di  cated in fig. 3. 
The  an gu lar  dis tri bu tion  of  sec ond ary  neu trons
and the cor  re  spond  ing en  ergy spec  tra have been stud  -
ied  sep a rately,  by  sim u lat ing  the  ir ra di a tion  of  a  thick
100%  18O-en  riched wa  ter tar  get by an 18 MeV pro  ton
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Fig  ure 2. Simulated ge  om  e  try of (a) the WENDI-2
de  tec  tor and (b) the air vol  ume for the av  er  age neu  tron
fluence  cal cu la tionbeam di rected along the axis of the cyl in der. The an gu -
lar dis tri bu tion is based on twenty bins de lim ited by in -
te ger co sine val ues of the an gle formed with the di rec -
tion of the pro  ton beam. The to  tal neu  tron yield
(re  sults in  te  grated over all an  gu  lar and en  ergy bins)
equals 6.95×10–3 per pro ton. The ob tained an  gu lar and
en  ergy dis  tri  bu  tions have then been in  tro  duced in the
def  i  ni  tion of the neu  tron source of the IBA Acad  emy
sim u la tion.
Around  each  con sid ered  po si tion,  a
parallelepipedic air cell (50 cm ´ 50 cm ´ 1 cm) has
been de  fined, over which the av  er  age neu  tron fluence
spec  trum has been folded with the fluence-to-H*(10)
con  ver  sion func  tion [1, 2]. Based on the afore  men  -
tioned to  tal neu  tron yield and H– beam cur  rent, the re  -
sults in Sievert per neu  tron have been mul  ti  plied by
3.12×1021 in or  der to ex  press them in units of µSv/h.
Sim  u  la  tion of the WENDI-2 re  sponse
MCNPX 2.5.0 has also been used to com pute the 
re  sponse of the WENDI-2 de  tec  tor in the nine po  si  -
tions in di cated in fig. 3, us ing the same neu tron source
def i ni tion  as  in  the  pre vi ously  men tioned  cal cu la tion
of  H*(10) per unit time. Nine sep  a  rate sim  u  la  tions
have been run, with the WENDI-2 de tec tor in serted  at
one given po si tion in the IBA Acad emy ge om e try. The
re  sponses in µSv/h have been es  ti  mated by mul  ti  ply  -
ing the av  er  age num  ber of (n, p) re  ac  tions per
source-emit  ted neu  tron by 7.68×1011, as  sum  ing a cur  -
rent of 20 µA, a neu  tron yield of 6.95×10–3 per pro  ton,
a wall-ef fect cor rec tion fac tor of 0.743 [6] and a sen si -
tiv  ity of 0.84 (c/s)/(µSv/h) [9].
RE SULTS  AND  DIS CUS SION
WENDI-2  ab so lute  re sponse  func tion
The ab so lute re sponse func tion of the WENDI-2 
de tec tor com puted with MCNPX 2.5.0 is com pared in
fig. 4 to Vanaudenhove's work [8] us  ing GEANT4
9.4.p02  (with  sim i lar  sim u la tion  con di tions)  and  to
Olsher's   curve  [6]   ob  tained   with   MCNP4B  up  to
20 MeV, and with MCNPX 2.1.5 be tween 20 MeV and 
150 MeV, but con sid er ing a dif fer ent 3He coun ter tube
(the GL-2500802-NS from Gamma Labs). There is
quite a good agree  ment be  tween the three curves. Be  -
low 30 MeV, our val  ues are lower than Olsher's by at
most 10%. Be  tween 30 MeV and 150 MeV, they ex  -
ceed Olsher's by less than 4%. Above 150 MeV, our
val  ues are greater than Olsher's by max  i  mum 46%.
The larger dis  crep  an  cies in this high en  ergy re  gion
might be ex  plained by the dif  fer  ence in the
intranuclear cas  cade model used (BERTINI in our
case  vs. CEM in Olsher's work). Com  pared to
Vanaudenhove's curve, our re  sults are lower over the
whole con sid ered en ergy range, by 5 to 38%. In fu ture
work,  sys tem atic  un cer tain ties  as so ci ated  to  our  ab so -
lute  re sponse  func tion  sim u la tion  will  be  in ves ti gated
through  sen si tiv ity  anal y ses  con cern ing  e.  g., phys  ics
mod els,  geo met ri cal  as pects,  ma te rial  def i ni tions,  mi -
nor count gen er at ing mech a nisms and the wall ef fect.
WENDI-2 dose re  sponse func  tion
The ob tained dose re sponse func tion is shown in
fig. 5 and the cor  re  spond  ing rel  a  tive dose re  sponse
func tion,  i.  e., the ra  tio of the dose re  sponse func  tion
and the fluence-to-H*(10)  con ver sion  func tion,  is
given in fig. 6. Be  tween 10–3 eV and ~0,3 eV (ther  mal
en  er  gies) and be  tween ~150 keV and ~80 MeV (fast
and high en ergy neu trons), the dose re  sponse func tion
un der es ti mates  the  fluence-to-H*(10)  con ver sion
func  tion by a fac  tor less than 2.1. For neu  trons be  -
tween ~80 MeV and 5 GeV, the dose re sponse func tion 
over es ti mates  the  fluence-to-H*(10)  con ver sion  func -
tion by a fac  tor be  tween 1.2 and 2.1. The most crit  i  cal
en  ergy range seems to be the in  ter  me  di  ate en  er  gies,
where   the  over es ti ma tion  fac tor  grows  up  to  6.7  at
5 keV. 
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Fig ure  3.  Sim u lated  ge om e try  of  the  IBA
Acad emy  bunker
Fig  ure 4. Sim  u  la  tion re  sults of the WENDI-2 ab  so  lute
re  sponse func  tion [6, 8]WENDI-2 re  sponse in IBA Acad  emy
For the nine con  sid  ered po  si  tions in  side the IBA
Acad emy bunker, the neu tron am bi ent dose equiv a lent 
H*(10) per unit time, the WENDI-2 dose re sponse and
the WENDI-2 rel  a  tive re  sponse (ra  tio of the dose re  -
sponse and H*(10) per unit time) are given in tab. 1.
The  WENDI-2  dose  re sponse  un der es ti mates  H*(10)
by al  most a fac  tor 1.3 in po  si  tion 1 lo  cated in front of
the tar  get. In other po  si  tions, the re  sponse over  es  ti  -
mates H*(10) by a fac  tor up to 2.2. It ap  pears that the
con sid ered  cal i bra tion  fac tor  is  the  most  ap pro pri ate
for the neu tron spec trum found in po si tion 2 in side the
cy clo tron room, and the least com pat i ble with the neu -
tron field in po  si  tion F at the exit of the maze.
CON CLU SIONS
A pre  lim  i  nary study of the re  sponse of the ex  -
tended-range  rem-me ter  WENDI-2,  man u fac tured  by
Thermo Fisher Sci  en  tific, has been per  formed with
MCNPX 2.5.0. The ab  so  lute re  sponse func  tion of the
de tec tor  has  been  cal cu lated  from  ther mal  en er gies  up
to 5 GeV and re  sults sim  i  lar to those ex  ist  ing in lit  er  a  -
ture [6, 8] have been ob  tained. The cor  re  spond  ing
dose re  sponse func  tion (ob  tained us  ing 252Cf  cal i bra -
tion data [6, 9]) has been com  pared to the ICRP
fluence-to-H*(10) con ver sion func tion [1, 2], show ing 
two  un der es ti ma tion  and  two  over es ti ma tion  en ergy
re gions. The re sponse at in ter me di ate en er gies ap pears 
to be the de  tec tor's weak est point, with an over  es  ti ma -
tion fac tor go ing up to 6.7 at 5 keV. Fu ture work will be 
ded  i  cated to the study of the sys  tem  atic un  cer  tain  ties
as so ci ated  to  our  sim u la tion  re sults.
In a first at  tempt to char  ac  ter  ize the be  hav  ior of
the  WENDI-2  de tec tor  in  con tin u ous  neu tron  fields,
the spe  cific case of the IBA Acad  emy work  place has
been con  sid  ered. The sim  u  lated dose re  sponse has
been com  pared to the neu  tron H*(10) per unit time in
nine po  si  tions, in which the neu  tron spec  trum ranges
from ther  mal en  er  gies up to max  i  mum 18 MeV. In all
po  si  tions but one, the WENDI-2 re  sponse over  es  ti  -
mates H*(10)  un der  the  in flu ence  of  the  in ter me di ate
neu trons  in  the  en ergy  spec trum.  The  over es ti ma tion
reaches up to a fac  tor 2.2 for the most dis  tant po  si  tion
with re  spect to the neu  tron source.
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Fig  ure 5. Sim  u  la  tion re  sults of the WENDI-2 dose
re  sponse func  tion com  pared with the fluence-to-H
*(10)
con ver sion  func tion  [1,  2]
Fig  ure 6. Sim  u  la  tion re  sults of the WENDI-2 rel  a  tive
dose re  sponse
Ta  ble 1. Sim  u  la  tion re  sults of the IBA Academy case-study
Position H*(10) per unit
time [mSvh
–1]
MCNPX relative
uncertainty on
H
*(10) per unit
time
WENDI-2
response
[mSvh
–1]
MCNPX relative
uncertainty on
WENDI-2 response
Relative WENDI-2
response
Absolute uncertainty
on relative ENDI-2
response
1 1.30E+07 0.0011 1.03E+07 0.0082 0.79 0.01
2 1.99E+06 0.0032 2.08E+06 0.0151 1.05 0.02
3 3.62E+05 0.0059 4.50E+05 0.0316 1.24 0.04
A 2.04E+05 0.0065 2.68E+05 0.0416 1.31 0.06
B 1.47E+05 0.0077 1.92E+05 0.0475 1.31 0.06
C 9.89E+03 0.0158 1.40E+04 0.0628 1.42 0.09
D 1.94E+03 0.0279 4.13E+03 0.0760 2.13 0.17
E 9.39E+02 0.0426 1.89E+03 0.0567 2.02 0.14
F 4.62E+01 0.0411 1.00E+02 0.0478 2.17 0.14AU THOR  CONTRIBUTIONS
The sim  u  la  tion work was car  ried out by V. De
Smet and S. Tolo. The manu  script was writ  ten and the
fig ures were pre pared by V. De Smet. Both au thors re -
viewed the manu  script.
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MCNPX  SIMULACIJA  ODZIVA  WENDI-2 REM
DETEKTORA  PRO[IRENOG  OPSEGA
U terapiji protonima koriste se protonski snopovi energija od 50 MeV do 230 MeV za
veoma uspe{no le~ewe kancerogenih tumora i najboqu mogu}u za{titu okolnog zdravog tkiva. u
interakciji sa materijalom protoni neizbe`no stvaraju sekundarno zra~ewe od koga mora biti
za{ti}eno svo osobqe u centru za terapiju. Ja~ina ambijentalnog doznog ekvivalenta H*(10) u
ovakvim ustanovama poti~e uglavnom od neutrona koji mogu imati energije i do 230 MeV. Mada
postoje razni sistemi monitoringa doze osetqivi na neutrone visokih energija, funkcija odziva
ovih detektora ~esto je nedovoqno opisana, a time i kalibracioni faktori odgovaraju}i za
specifi~ne spektre neutrona koji se sre}u unutar ustanova za terapiju protonima.
U ovom radu kori{}en je Monte Karlo programski kod MCNPX 2.5.0 za prou~avawe
funkcije odziva WENDI-2 REM dozimetra pro{irenog opsega u rasponu energija od termi~kih do 5 
GeV. Uo~eno je dobro poklapawe dobijenih rezultata sa podacima prona|enim u literaturi. Kao
prvi korak ka karakterizaciji odgovora WENDI-2 dozimetra u stalnom neutronskom poqu,
obavqene su MCNPX simulacije i za slu~aj bunkera oko H– ciklotrona energije 18 MeV, koje
ukqu~uju i neutronsko poqe od termi~kih energija do energija od 18 MeV.
Kqu~ne re~i: neutronska dozimetrija, MCNPX simulacija, funkcija odziva, REM dozimetar,
.........................WENDI-2